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ABSTRACT: This paper presents results from a coupled therhyalrological and mechanical analysis of thermailyuced
permeability changes during heating and coolingrattured volcanic rock at the Drift Scale Testraicca Mountain, Nevada.
The analysis extends the previous analysis ofdheyear heating phase to include newly availabla drom the subsequent four-
year cooling phase. The new analysis of the coglimase shows that the measured changes in frgmangeability follows that
of a thermo-hydro-elastic model on average, biugeatral locations the measured permeability indgdinelastic) irreversible
behavior. At the end of the cooling phase, thepaimeability had decreased at some locations (flovaas 0.2 of initial), whereas
it had increased at other locations (to as high.8sof initial). Our analysis shows that such igmsible changes in fracture
permeability are consistent with either inelastacture shear dilation (where permeability incrédase inelastic fracture surface
asperity shortening (where permeability decreas@tiese data are important for bounding model ptiedis of potential
thermally-induced changes in rock-mass permeatatity future repository at Yucca Mountain.

tests were performed in the 44 packed-off sections
1. INTRODUCTION during the course of the four-year heating and four-year
The Yucca Mountain Drift Scale Test (DST) is a cooling periods.

multiyear, large-scale, underground heating teStPrevious
conducted by the U.S. Department of Energy in
unsaturated fractured volcanic tuff at Yucca Mountain,
Nevada (Fig. 1a) [1]. The DST, which started in 1997,
included a four-year period of forced heating, followed
by a four-year period of unforced (natural) cooling (Fig.
1b). Heating was provided by nine floor heaters within
the heated drift, as well as 50 rod heaters, referred to
“wing heaters,” placed into horizontal boreholes
emanating from the heated drift. During the experiment
a volume of over 100,000 *hof intensively fractured
volcanic tuff was heated, including several-tens-of-
thousands of cubic meters heated to above boilin
temperature (Fig. 1a). This massive heating induce
strongly coupled thermal-hydrological-mechanical- In this paper, we present results from an extension of our
chemical (THMC) changes that were continuously THM analysis to include thermally induced permeability
monitored by thousands of sensors embedded in thehanges measured during the four-year cooling period,
fractured rock mass. Of particular interest to this stady i from January 2002 through November 2005. Studying
the periodic active pneumatic (air-injection) testing usedthe cooling phase provides an opportunity to investigate
to track changes in air permeability within the variably whether the observed permeability changes are
saturated fracture system around the DST. Air-injectionpermanent (irreversible), in which case they would
testing was conducted in several-meters-long packed-offersist after the temperature has cooled down to ambient.

sections in 44 hydrological boreholes, in 3 cIustersFOr this new analvsis of the cooling phase. we emploved
forming vertical fans that bracket the heated drift and theche same model )s/etup as in the p%e?/ious’analysis o?/the

wing heaters (Fig. 2). In total, about 700 air-injection heating phase [2]. That is, we simulated the DST in a

coupled thermal-hydrological-mechanical
(THM) analyses of the initial four-year heating period
(lasting from December 1997 through January 2002)
indicated that the observed air-permeability changes
were a result of both thermal-mechanical (TM) changes
in fracture aperture and thermal-hydrological (TH)
changes in fracture moisture content [2, 3, 4]. Moreover,
Yose previous analyses indicated that the TM-induced
changes in fracture aperture and intrinsic permeability
would be mostly reversible. However, the prediction of
reversible behavior was based on analysis of data from
the four-year heating period and did not include the data
grom the subsequent four-year cooling period.



two-dimensional vertical cross section oriented
perpendicular to the tunnel axis (Fig. 3a). To achieve an
accurate representation of the temperature evolution
during the cooling phase, we had to consider two- to
three-dimensional out-of-plane heat loss in the rock
mass as well as heat loss through the bulk head at
entrance of the heated drift. Using such an approach, we
achieved a very good agreement between calculated anc

e
measured temperature, as shown in Fig. 1b. Moreover P —7.] = Air flow i months in 44 packec-off
we conducted a new model calibration of a stress-versus ,#Jhwﬂ—k_jﬁ_ﬂ;lg fractures ~ sections (about 3to 5m long)
permeability function for the fractured rock, considering T35 =3 A1)
data from all the 700 air-injection tests. The field data Du FEE SR ayn T ey E:;:’;‘:;Igf?;;:r:
from all these tests in the 44 borehole intervals, as wel L;. AEEEREy. Q.mm heating and cooling of
as the calibration of the stress-versus-permeability ‘lﬁ! ‘ JL,: L,:%W the rock mass
function, are presented in detail in Rutqvist et al. [5]. In .

this paper we briefly present the model and then focus

on results at a few measurement locations that indicatgig. 2. Three-dimensional view of DST and borehdtesair-
either elastic (reversible) or inelastic (irreversible) permeability testing, and a close-up illustratidrain-injection
mechanical changes at the end of the cooling period. ~ esting in one borehole interval.

ISR, 2. MODEL SETUP
Vertical Section (A-A) p Y
I—beated l;rl—ft_\;v\\H{ el The model conceptualization is equivalent to that used
A o f.s ///// EEERN for modeling of the heating phase [2]. The DST is
N DriftHeaters /| // /// BulRhead simulated with TOUGH-FLAC, a simulator for
........ Uy

modeling multiphase fluid and heat transport, coupled
with geomechanical stress and strain analysis [6]. The
two-dimensional cross section is 250 m high and 200 m
wide. The highly fractured rock mass at the test site was
modeled as a dual-permeability medium, which consists
of interacting matrix and fracture continua (Fig. 3a) [7,
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Fig. 1. The Yucca Mountain Drift Scale Test: (aybat and  (b) %=k % () 1o, Normal Stress, o,

approximate measured extent of the boiling isothé6iC)
after four years of heating; (b) Evolution of heatver (total
power in drift and wing heaters) and measured -drét
temperature at a point located at the top of tli¢ aloout 10
cm into the rock.

Fig. 3. TOUGH-FLAC simulation model of the DST: (a)
schematics of two-dimensional model geometry andl-du
permeability model; (b) conceptual model for stress
permeability coupling; (c) normal stress versus riape
relationship for fractures.



The dual-permeability continuum model approach has b,j b33

been proven suitable for modeling of fluid flow and heat K, =——+ (4a)
transfer in the unsaturated zone at Yucca Mountain, 12s, 12s,

since it realistically captures the partitioning of 3 b2

simultaneous fluid flow in both the fractures and rock k :L+_3 (4b)
matrix. The continuum approach is deemed appropriate, Y125 12s,

because the rock mass in the unsaturated zone at Yucca

Mountain is intensively fractured. Fracture mapping at B bf b23 4
the site shows three dominating fracture sets [9]: 2z~ E +E (4c)

(i) prominent vertical, southeast trending where subscripts 1, 2, and 3 denotes the three orthogonal

(i) vertical, southwest trending fracture sets, assumed to be oriented normal to x, y, and
z directions, respectively. Porosity and permeability
correction factors are calculated from the initial and
The average spacing for mapped fractures of lengtlturrent aperture, according to:

larger than 1 m is about 0.3 to 0.4 m. However, detailed

cell mapping has shown that about 80% of the fractures g _ b/s +b,/s, +by/s, (5)

at the site are less than one meter; thus, the fracture ¢ bli/sl+b2i/sz +b3i/33

spacing counting all fractures would be less than 0.3 m.

(iif) subhorizontal.

Moreover, air-permeability tests conducted in short- b23/sz+b33/33

interval (0.3 m) packed-off borehole sections show that kx _m (62)
vertical fluid conducting fractures exist at least g\@B8 2fT2 e

m [10]. This evidence of a highly fractured rock justifies bf/sl I b33/s3

the use of a continuum modeling approach. Fo = W (6b)
An important part of this analysis is the coupled IR

hydromechanical model of the fractured rock. In this b13/51+b23/52

study, we employ a hydromechanical model that ke =73 . s . (6¢)
considers changes in porosity, permeability, and by /Sl+b2i /SZ

capillarity in the fractured continua as a result of sites A simplified version of these correction factors can be
induced changes in fracture apertures. Changes iferived by assuming equal spacing in the three

hydrological properties are calculated using a conceptuaérthogonm fracture sets, leading to:
model of three orthogonal fracture sets consistent with

the three main fracture sets observed at the site (Fig. 3b). _ b +b,+b, @)
Using this conceptual model, the porosity, permeability, s b, +b, +b,
and capillary pressure in the fracture continuum are e
corrected for any change in the stress field, according to: b23 + b33
T (8a)
$=F, x4, (1) by +bj
3 3
K, = Fo xky, k, = F, xky,, k, =F,xk, (2 o b’ +b; (8b)
Y+
Pc = FPC X I:)ci (3) I 3
: . b’ +bJ
whereF denotes various correction factors, subscipts o = (8c)

. . 3 3
k and c refers to correction factors for porosity, by + b,

permeability and capillarity, respectively, and subsaript , . :
denotes initial (preheating) conditions.  Note thatIn this study, we used Equation (7) and (8), which

although the simulation is conducted in a two-aré consistent with both the model used for the
dimensional plane strain model, stress in the out-of2nalysis of the heating period and the isotropic
plane direction (y direction) is calculated, and changes iflydrological models of the site [2, 8]. Moreover,
the three-dimensional permeability field can therefore beusing the above equations is justified, considering
evaluated. The permeability along x, y, and z directionghat unequal fracture spacing for the different
are calculated from the apertutg, and spacings, of  fracture sets would have a very small impact on the
fractures belonging to fracture sets 1, 2, and 3, using galculated stress-induced changes in permeability—
parallel-plate fracture flow model [11] according to: because such changes are dominated by the cubic
dependency on aperture.



The capillary pressure is corrected with porosity andcalibration was conducted in steps: first we made an
permeability changes according to the Leverett [12]accurate model simulation of the temperature field,
function: which is the basic driving force behind both the moisture

induced-changes in relative permeability and stress-

Eo_ i o) induced changes in fracture aperture. After confirming a
“AE good agreement between the measured and calculated
k temperature field, we calculated and sampled the
where evolution of stress and gas saturation at each air-
injection interval in order to calculate the air-
Fo =3/ FuxFyxF, (10)  permeability evolution, which in turn could be directly

compared to the measured air-permeability evolution.
Thus, in areas where permeability increases as th

fractures opens, the capillarity tends to decrease. Eﬁhe basic parametebsay o andby in Eq. (11) 0bme, o

andb; in Eq. (12) were calibrated to achieve the best
The current fracture apertuledepends on the current match of the average evolution in permeability for all 44
effective normal stress’,,, according to the following packed-off intervals. Following the calibration method
exponential function [6]: described in Rutqvist et al. [5], we need only to calibrate
B _ two of the three parameters (ebgex and &) because b
b=b +b, =D, +bmax[ex;(a0'n)] (11) can be determined directly from the measured initial
where by is a residual aperturey, is a mechanical Permeability. The calibration was conducted assuming
aperture b, is the mechanical aperture correspondingthat the measured permeability changes were caused by
to zero normal stress, andis a parameter related to the changes in the major NW-striking subvertical fracture
curvature of the function (Fig. 3c). This relationship canSél: Fractures in this fracture set strike approximately

also be expressed in terms of an initial apertoyeand perpendicular to the subhorizontal monitoring boreholes,
changes in aperturgb, as: which implies that they are most likely to be

hydraulically connected to the boreholes (see illustration
b=b +Ab=b +b,[exdac,)-exdac,)] (12) Fig. 2).

where o, is the initial stress normal to the fractures. In 1he final calibrated parameters valid for the applied
Equations (11) and (12), the engineering sign conventioﬁonceptu_gl stress-veigsus-permeablI|ty modc_sl, with initial
is used for effective normal stress, which implies thagPermeability of ¥10™° m? and fracture spacing of 0.23
tensile stress is positive and compressive stress 8 ar€bmac= 37.6um, a = 0.07 MP& andb; = 22.1um.
negative. These expressions can be inserted int3h9$e are the basp calibrated stress-aperture parameters
Equation (8) to derive expressions for rock-massapp“ed When der|V|ng mOdeI reSUItS presented 1} th|S
permeability correction factors in x, y, and z directions. Paper.

Initial conditions are presented in Table 2. The initial
3. MATERIAL PROPERTIES AND INITIAL stress, temperature, and phase saturations shown in
CONDITIONS Table 2 are the results of an initial steady-state
The basic material properties of the rock massSimulation with fixed temperature conditions on the top

surrounding the DST are presented in Table 1. Thes@nd bottom of the model, and vertical water infiltration
include both matrix and fracture hydrological properties®f 6 mm/year at the top of the model. At Yucca

for the dual-continuum approach as well as equivalenMount_ain’ verti_cal stress resulting_fro_m the weight of the
continuum rock-mass mechanical properties.overly'ng rock is the maximum principal stress, whereas

Hydrological properties include water-retention curvesthe two horizontal prinpipal stresses are'estimated to be
and relative permeability functions based on van-about half the magnitude of the vertical stress. At

Genuchten’s [13] model. Mechanical properties incluge@mbient (initial) conditions, the matrix is almost fully
a fractured rock-mass deformation modulus of 14.775&turated with water, whereas fractures are likeloaim
GPa, which is about 50% lower than the Young’sdry (as a result of matrix water imbibition).

modulus of intact ro_cl_<. A temperature-dependentAs mentioned in the introduction, for an accurate
thermal expansion coefficient is adopted [2]. representation of temperature evolution, we had to

consider heat loss through the bulkhead as well as out-

The parameterdn., « and b, defining the stress- .
aperture relationship in Equations (11) and (12) werdi-plane heat loss in the rock mass. The heat-loss

; B ; C L fficient of 0.075 W/K-rh for heat loss through the
determined by model calibration. The investigation and®°¢
calibration of the stress-aperture relationship is describeBLilk?ﬁad aEd O'OI?S d\'N/ Kerfor out-gf-plane he?tblotss
in Rutqvist et al. [5], and involves detailed interpretationIn 0 the rock resufted In a very good agreement between

of the above mentioned air-injection tests. The modefneasured and simulated temperature (Fig. 1b) [5].



Table 1. Rock properties of the fractured welddti(fiptpmn

unit) surrounding the DST experiment

Property [Value
Matrix Hydraulic and Thermal Properties
Permeability 1.24E-17 M
Porosity 0.11

Van Genuchtenyy, 2.25E-6 P4
Van Genuchten m 0.247
Residual saturation 0.18

Rock grain densityp 2,530 kg/m3
Rock grain specific heat 953 J/kg K)
Dry thermal conductivity 1.67 W/m K
Wet thermal conductivity 2.0 WimK

Fracture Hydrological and Hydro-M echanical Properties

Permeability, k 1.00E-13
Porosity 0.263E-3
Van Genuchteny 9.73E-5 P&
Van Genuchten, ng-) 0.492
Residual saturation 0.01
Fracture frequency 432
bmax for Equation (12) 37.6um
Exponend for Equation (12) 0.07 MPa
Rock M ass M echanical Properties

Young’s Modulus 14.77 GPa
Poisson'’s ratio 0.21

Thermal Expan. Coeff.

5+0.058%T 107¢/°C

Table 2. Initial conditions

of liquid water and drying near the heat source (Fig. 4b,
dryout zone). The evaporated water is transported as
vapor away from the heat source toward cooler regions,
where it is condensed to liquid water (Fig. 4b, dark
zone). As a result, a dryout zone is created near the heat
source and a condensation zone moves progressively
away from the heat source. In the condensation zone,
increases in fracture liquid saturation should result in a
decrease in air permeability.

At the same time, high temperature gives rise to thermal
expansion of the rock mass with associated thermal
stresses (Fig. 4c). Near the heat source, the horizontal
compressive stress increases strongly, with a maximum
increase at the drift wall and near the wing heaters. Such
an increase in compressive stress tends to tighten
fractures to smaller aperture, leading to a reduction in air
permeability. Away from the heat source, however, the
horizontal stress decreases slightly. This reduction in
horizontal stress will allow pre-existing vertical fractures
to open to a larger aperture, leading to an increase in air
permeability in this area.

Fig. 4d shows the calculated THM-induced changes in
air permeability. These changes are caused by the
combined effect of TH-induced changes in fracture
moisture content (Fig. 4b) and TM-induced changes in
fracture aperture (Fig. 4c). That is, the total permewgbili
change factor caused by the combined effects of changes
in TM- and TH-induced changes was calculated as:

Parameter Approximate vaiue at

Vertical stressoy; tzhg.|7evl\(/IeIP(3';]: = Fi (AO-X AS ) =F(a0,)- Fiag (AS) (13)

Min horizontal stresssy ~ 2.9 MPa or

Max horizontal stressyy; ~ 3.4 MPa

Initial temperature, ;T ~ 25°C FM=FM.F™ (14)

Initial Fracture saturation ~ 9%

Initial matrix saturation ~90% Fig. 4d shows that near the heat source, permeability
Initial gas pressure <09 bar decreases mainly because of fracture closure, but is also

1) Approximate values of the depth-dependent parametethe

drift level.

4. RESULTS OF THM EVOLUTION DURING

HEATING AND COOLING OF THE ROCK

MASS

changes in stress normal to vertical fractures, changes

affected by TH-induced wetting and drying. Away from
the heat source, about 20 m above the drift, a zone of
slightly increased permeability has developed as a result
of the opening of vertical fractures.

Fig. 5a shows that at the end of the cooling period, the
temperature is still significantly elevated, with a
temperature above 80 near the drift and a zone of

Sbove 40C extending to a distance of more than 30 m

¥om the center of the drift.

liquid fracture saturation, and the resulting permeability

changes in the NW-striking fracture set at 4 years (end
of heating) and 8 years (end of cooling). We present the
results for the NW-striking subvertical fracture set
because these are the permeability data used for
comparison to the measured values.

Fig. 4a shows that at the end of the heating, the
temperature has risen above the boiling point around the
heated drift and near the wing heaters. High temperature
induces strongly coupled TH processes with evaporation
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The previously condensed water in the fracture systenmorizontal stress that keeps the vertical fractures
has either drained by gravity or been imbibed into thecompressed to an aperture smaller than its initial value.

matrix (Fig. 5b). The dryout zone is rewetted byAt some air-permeability test intervals, the model

caplllar_y suction, but in a zone around the H_eated D.r'ﬁindicates that the observed changes in air permeability
and wing heaters the fracture system still remains

slightlv drver than the initial oreheating conditions are caused entirely by stress-induced changes. These test
ghtly dry P 9 ' intervals are located far above the Heated Drift, away

The thermal stress has decreased with the decreasifigpm the maximum extent of the dryout and wetting
temperature and with the loss of thermal gradient, but atones. At such a distance from the heat source, the
the end of the cooling period, the horizontal compressivdractures stay dry, at the ambient liquid saturation of
stress is still 1 to 3 MPa above its initial value (F5g). about 9%. For test intervals in these boreholes, we may
The resulting permeability change at the end of thecompare calculated and measured TM-induced changes
cooling period is about 0.7 of its initial (pre-heating) in permeability without interference for TH-induced
value, and the permeability change is relativelychanges. For example, in interval 75:1, the model shows
uniformly distributed as a result of the uniform thermal that the permeability slowly decreases with increasing
stress (Fig. 5d). The calculated remaining permeabilit)compressive horizontal stress, to reach a minimum of
changes are entirely a result of the remaining thermak/k; ~ 0.6 at the end of the four-year heating period (Fig.

stress. 6b). Thereafter, as the rock mass cools down, the
compressive stresses are reduced and the permeability

5. COMPARISON OF CALCULATED AND recovers to reach a k/k 0.8 at the end of the four-year

MEASURED AIR PERMEABILITY cooling period. Thus, the remaining permeability

Comparisons of measured and calculated evolution of airreo“":_t"_)n ?%’ a fellCt?r k{k: 0'8 |sﬂf1;1ttr:¢butf[ad to tlhehtl
permeability for all 44 test intervals are presented inféMmaining therma stress keeping the Tractures slightly

Rutqvist et al. [5]. In general, the numerical model Couldcompressed as the temperature is still elevated above
capture observed permeability changes very well duringamb'ent conditions.

the heating phase. Specifically, the trends in the5.2. Examples of Significant Difference Between
evolution of measured permeability (e.g., increases or Calculated and Measured Air Permeability
decreases) were well captured by the model at most teg} several intervals, the measured response significantly
intervals, although the measured data are scattered ggviates from that of the thermo-hydro-elastic solution,
several intervals, and there are systematic deviationgspecially towards the end of the cooling period. For
between measured and calculated data at some intervalscample, Fig. 7a presents one interval (74:1) at which a
The deviations between measured and calculatedydden increase in measured permeability occurred after
permeability values appeared to increase during th@pout 5 to 6 years. Such sudden increase in permeability

cooling period. In this paper, we present a few examplegight be a result of shear reactivation and dilation along
of comparison between calculated and measured datg. fracture intersecting measurement interval 74:1.

All these examples are taken from the BH 74 to 78ygwever, it is difficult to know whether this is the real
borehole array (see Figs. 3, 4d and 5d). cause of the observed permeability change, especially

5.1. Examples of Good Agreement Between since corresponding increases were not noted in

Calculated and Measured Air Permeability neighboring measurement intervals that would likely
At several air-permeability test intervals located close have been intersected by the same fracture. Note that the

the heat source, the results indicate a significan easured pe_rmeablllty change_ s moderatefust-a
signature of TH-induced change in permeability, in actor of 1.8 higher than the original value.

addition to the prominent TM-induced changes. Forin another example shown in Fig. 7b, the measured
example, in interval 76:4, the permeability first permeability was consistently lower than the calculated
decreases as a result of the superimposed effect @lermeability and an irreversible permeability reduction
increasing stress and decreasing gas permeability (due teas observed at the end of the cooling phase. Such
wetting), to reach a minimum of k/k 0.1 at about 2 permeability reduction (compared to the thermal-hydro-
years (Fig. 6a). Thereafter, the modeling shows thaglastic solution) indicates irreversible contraction of the
some of the reduced permeability recovers as a result dfacture surfaces, which may result from crushing or
drying of the previously wetted fractures and stabilizesdissolution of highly stressed surface asperities under
at k/k =~ 0.5. The temporary wetting and subsequentyears of elevated stress and temperature conditions.
drying is a result of the condensation zone shown in FigDissolution of surface asperities has been suggested as a
4a, which progressively moves outward and successivelgnechanism that could explain field and laboratory
crosses several air-injection intervals. The remaining k/kobservations of fracture-permeability decrease during

~ 0.5, at about 4 years, is caused by the elevatethcreasing temperature, even under constant normal
stress [14]. At this interval, the initial permeabilityasv



relatively small, suggesting that the initial apertureldou

be small and that the pressure solution and associated
mineral precipitation could be detectable even after a
few years. However, the observed irreversible 2
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interval 76:4, showing dependency of TM and TH ceses;
and (b) results at test interval 75:1, showing depacy on
pure TM responses.



6. CONCLUSIONS REFERENCES

We have conducted a coupled thermal, hydrological, and1.
mechanical analysis of thermally induced permeability
changes during heating and cooling of fractured volcanic
rock at the Yucca Mountain Drift Scale Test, Nevada. 2.
The analysis extends a previous analysis of the four-year
heating phase to include newly available data from the
subsequent four-year cooling phase. The analysis of the
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Fig. 8. Overall observed permeability responsakeDrift
Scale Test and interpretation of their causes basdde 10.
coupled THM analysis.
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